ABSTRACT: Mortalities related to the detection of Ostreid Herpesvirus 1 (OsHV-1) have been previously reported in France among larvae and spat of the Pacific oyster Crassostrea gigas. Adult oysters appear less sensitive to herpesvirus infections, although OsHV-1 has been detected in adults without signs of disease or mortality. This suggests that the virus is able to persist in its host and that adult oysters may be able to control OsHV-1 infection. Little is known about antiviral substances in invertebrates. The present work concerns the research of antiviral substances in adult oyster C. gigas, where putative antiviral activities were monitored using 3 strategies: (1) in metabolites with variable polarity, (2) in peptidic extracts and (3) in crude haemolymph. In vitro antiviral assays were based on inhibition of Herpes simplex virus type 1 (HSV-1) replication in Vero cell monolayers. All extracts presented no cytotoxicity. Antiviral activity was detected in the fresh filtered haemolymph (EC 50 :425 µg ml -1
INTRODUCTION
Shellfish are being increasingly cultured around the world and represent an important economic activity sustained by private and public enterprises. The increase in aquaculture production has been made possible by the accumulation of knowledge and advances in technology which have led to intensive production of bivalve larvae and seed. Although new rearing techniques can improve and expand production, they also raise a number of issues. Animal transfers at national and international levels have increased dramatically in recent decades. Such procedures favour the emergence and dissemination of infectious diseases, which represent a major limiting factor in shellfish production.
Mortalities have been reported in different bivalve species and associated with the presence of viruses belonging to various families (Renault et al. 1994a , Arzul et al. 2001 ). The first description of a virus related to the Herpesviridae was reported in adult eastern oysters Crassostrea virginica (Farley et al. 1972) . Since 1991, high mortalities of oyster larvae and juveniles have been observed regularly around the world in association with herpesvirus infections in Pacific oyster C. gigas (Hine et al. 1992 , Renault et al. 1994a , European flat oyster, Ostrea edulis (Comps & Cochennec 1993 , Renault et al. 2000 and Tiostrea chilensis (Hine et al. 1998) . Like other herpesviruses, the Ostreid Herpesvirus (OsHV-1) infecting C. gigas seems to occur at high prevalence in healthy adult oysters in France (Arzul et al. 2002) . The DNA and viral proteins of OsHV-1 have been detected in asymptomatic adult oysters. The adult oysters may thus play the role of virus carriers and reservoirs, promoting transmission to larvae and juveniles, as previously reported (Le Deuff et al. 1996) . Adult oysters could be more resistant to viral infections in developing effective immunity against OsHV-1.
Despite the impact that viral diseases have on shellfish cultures, little is known about how shellfish farmers can prevent and treat viral infections or about how shellfish control viral diseases. Although invertebrates do not produce specific antibodies (Shapiro 1975) , they may rely on their innate defence for host protection against viruses. Reports on viruses infecting bivalves are available today, but those focusing on antiviral defence mechanisms are poorly documented. Antiviral substances have rarely been reported in bivalves and are particularly rare for Crassostrea gigas (Prescott et al. 1966 , Li & Traxler 1972 , Bachère et al. 1989 , Lee & Maruyama 1998 .
The main objective of the present study was the detection of antiviral substances in adult Crassostrea gigas oysters. Antiviral and cytotoxicity activities of oyster aqueous and alcoholic extracts were evaluated in vitro against Herpes simplex virus type 1 (HSV-1) infecting Vero cells. Cytotoxicity activity assays were performed in order to demonstrate that oyster extracts were not causing Vero cell mortality. The protocol used in the present study to prepare aqueous and alcoholic oyster extracts was previously developed for extraction of marine bioactive substances (Hellio et al. 2000) . Antiviral activity of oyster peptide extracts and crude haemolymph was also monitored. Peptide extraction from oyster tissues was developed on the basis of previous works on peptidic antimicrobial substances from frogs (Amiche et al. 2000 , Matutte et al. 2000 , lobsters (Nousiainen et al. 1998 ), and mussels (Mitta et al. 2000) .
MATERIALS AND METHODS
Oysters. We obtained 3 yr old Pacific oysters Crassostrea gigas from shellfish farms located in the Marennes-Olèron Bassin (Charente Maritime) on the French Atlantic coast. Oysters were collected during winter and summer of 2000, 2001 and 2002 . Half of the specimens were killed immediately upon arrival at the laboratory. The other half were maintained for 1 wk in filtered seawater at 15°C with continuous oxygenation and starvation in order to investigate the origin of putative antiviral activities.
Tissue and haemolymph collection. To minimize inter-individual variability, 30 oysters were pooled for each experiment. Oyster haemolymph was collected with a sterile syringe (1 ml, 23 G, no.16, Terumo) from the pericardial cavity and pooled. Oysters were then sagittaly sectioned. One half was directly lyophilized and constituted the 'whole animal' sample. The other half was subjected to tissue and organ dissection (heart, labial palps, gills and mantle) and 30 similar tissues or organs were pooled and lyophilized. All samples were stored at -80°C.
Peptide extraction from tissues and crude haemolymph. Lyophilized tissues were homogenized in ethanol/chlorhydric acid 0.7 M (HCl) (3:1, v/v; 10 ml g -1 ) and were centrifuged (1000 × g, 60 min, 4°C). Ethanol was then removed under reduced pressure (Büchi, rotavapor R124). The extracts were loaded onto solid phase extraction Sep-pack C-18 cartridges (SPE 6 ml, 1000 mg, Macherey Nagel) equilibrated with acetonitril/water/trifluoroacetic acid (ACN/ water/TFA, 80:20:0.1). After washes in acidified water (HCl 0.7 M), bound material was eluted with ACN/ water/TFA at a flow rate of 2 ml min -1 (Matutte et al. 2000) . Haemolymph was extracted by homogenizing in 0.1% TFA (v/v) for 1 h at 0°C and centrifugation (1000 × g, 60 min, 4°C). Extracts were loaded onto Seppack C-18 cartridges at a flow rate of 2 ml min -1 . Bound material was eluted with a gradient of acetonitril (10, 50 and 80% of ACN) (Roch et al. 1996 , Fleury et al. 1998 ). All fractions were lyophilized, reconstituted in double-distilled water and tested for antiviral activity as described below. Determination of total proteins in extracts was carried out by the Lowry method (Lowry et al. 1951) .
Aqueous and alcohol extractions. Oysters were suspended by stirring in distilled water (50 g l -1 of dried weight) with an ultra-turrax for 2 h at 4°C. After centrifugation (1 h, 12 000 × g, 4°C), the supernatant was lyophilized and constituted the aqueous extract (A extract).
To prepare alcohol extracts, oyster samples were suspended by stirring in 95°C ethanol (50 × g in 300 ml) with an ultra-turrax for 30 min at 4°C. After centrifugation (1 h, 12 000 × g, 4°C), the pellet was re-extracted 5 times. Alcoholic extracts were pooled and evaporated under vacuum at low temperature (< -40°C). Distilled water (100 ml) was then added and partitioned with methylene chloride (4 × 100 ml). Aqueous phases were collected, lyophilized, re-suspended in absolute ethanol (100 ml), filtered and concentrated under vacuum at 4°C (B extract). Organic phases were collected, dried for 24 h under Na 2 SO 4 , filtered and concentrated under vacuum at low temperature (C extract). Extracts A, B and C constituted metabolites with variable polarity. Extracts were stored at -80°C before analysis (Hellio et al. 2000) .
Crude oyster haemolymph. The crude haemolymph (Fraction I) was prepared from the freshly collected haemolymph and was centrifuged (100 × g, 2 min, 4°C) to remove shell debris. To obtain an acellular fraction, the haemolymph was centrifuged first at 200 × g for 10 min at 4°C. The supernatant was recovered and centrifuged again (3000 × g, 10 min, 4°C) and the resulting supernatant corresponded to fraction II. Another acellular fraction (III) was obtained by filtering the crude haemolymph through a 0.22 µm sterile filter. All samples were kept at -80°C. Total proteins in extracts were analysed by the Lowry method (Lowry et al. 1951) .
Cell cultures and virus. African green monkey kidney cells (Vero, ATCC CCL-81) were grown in Eagle's minimal essential medium (MEM; Eurobio) supplemented with 8% foetal calf serum (FCS; Eurobio) and 1% antibiotics (PCS; 10 000 IU ml -1 penicillin, 25 000 IU ml -1 colymicin, 10 mg ml -1 streptomycin; Sigma). Cells were cultured at 37°C in humidified atmosphere at 5% CO 2 . Herpes simplex virus type 1 (HSV-1, wild type strain 17, sensitive to acyclovir) was obtained from Prof. Ingrand (Hôpital A. Béclère, Reims, France). Virus titer was estimated from cytopathogenicity according to the Reed & Muench (1938) ). In order to evaluate the antiviral activity, the multiplicity of infection (MOI) is used and corresponds to the virus number per cell. The HSV-1 stock had a titer of 2 × 10 5.8 ID 50 ml -1 and MOI was 0.001 ID 50 cell -1 . Cytotoxicity assays. Extract cytotoxicity was evaluated using an EPICS XL 4 flow cytometer (Beckman Coulter ). We incubated 150 µl Vero cells (350 000 cell ml , Interchim) was added and incubated in the dark for 30 min at 4°C. Results were expressed as cell cytograms indicating size (FSC value) and complexity (SSC value). Red fluorescence (FL3) cells corresponded to dead cells. As dimethyl sulfoxide (DMSO) compound is known to be cytotoxic at room temperature, we used it as a positive control. Vero cells without treatment were used as a negative control. The cytotoxicity of each extract was analysed 3 times.
Cytotoxicity was also evaluated by cell viability. Cell suspensions (3.5 × 10 5 Vero cells ml -1
) were incubated with various dilutions of oyster extracts in 96-well microplates (48 h, 37°C, 5% CO 2 ) in Eagle's MEM containing 8% FCS. Triplicate assays were performed from the same homogenates. Cells were examined daily under a phase-contrast microscope to determine the minimum concentration that induced alterations in cell morphology, including swelling, shrinkage, granularity and detachment. Cytotoxicity was tested using the neutral red dye method (McLaren et al. 1983) . After shaking, optical density (OD) was measured at 540 nm using a spectrophotometer (SpectraCount (Langois et al. 1986 ).
Anti-HSV-1 assays by cell viability. We incubated 100 µl of cell suspension (3.5 × 10 5 cells ml -1 ) in Eagle's MEM containing 8% FCS with 50 µl of a dilution of oyster extract in 96 well microplates (48 h, 37°C, 5% CO 2 ). Three replicates were infected using 50 µl of medium and a virus suspension at an MOI of 0.001 ID 50 cell -1
. After incubation, antiviral activity was evaluated by the neutral red dye method (McLaren et al. 1983 ). Cell and virus controls were carried out simultaneously, and 3 replicates were performed using 3 different oyster homogenates. The antiherpetic compound acyclovir (9-(2-hydroxyethoxymethyl)guanine), 25 mg ml -1 ) was used as reference inhibitor. The 50% antiviral effective concentration (EC 50 ) was expressed as the concentration that achieved 50% protection of virus-infected cells from virus-induced destruction. Data were expressed as a percent protection (%P) by the following formula: [((ODt)virus -(ODc)virus) / ((ODc)MOCK -(ODc)HSV)] × 100 (%), where (ODt)virus was the OD of the test sample, (ODc)virus was the OD of the virus control (no oyster extract), and (ODc)MOCK was the OD of the mock-infected control. The ratio of (ODc)virus to (ODc)MOCK was expressed as '% of control' (Langois et al. 1986 ).
RESULTS

Metabolites with variable polarity
No cytotoxicity of aqueous extracts (A) and alcohol extracts (B and C) of oysters was observed for the range of concentrations tested. After 48 and 72 h of infection, no anti-HSV-1 activity was reported between 25 and 2500 µg ml -1 of oyster extracts (A, B and C). Moreover, no variation related to seasonal sampling and starvation was found.
Peptidic extracts
The peptide extract cytotoxicity on Vero cells was analysed by flow cytometry after 4 h and 72 h of incubation (Fig. 1) . After 4 h of incubation, all extracts presented no cytotoxicity, exhibiting <10% dead cells. Cytotoxicity evaluation after 72 h of incubation showed major cytotoxicity for gills (63%), heart (48%), mantle (43%), labial palps (43%) and peptide extracts of haemolymph eluted at 10, 50 and 80% of acetonitril (50, 48 and 55%, respectively). The percentage of dead cells after 72 h of incubation with the whole animal peptide extract was low (14%) and was no different from the cell control (11%). After 48 h incubation, no microscopic alteration of cell morphology was observed even at a concentration of 1000 µg ml -1 of protein (Table 1) , no difference was observed in cytotoxic activity at different seasons or with starvation for peptide extracts.
Evaluation of anti-HSV-1 activity showed no cellular protection from different extracts for an MOI of 0.001 ID 50 cell -1 (Table 1) . However, a low anti-HSV-1 activity (EC 50 of 50 µg ml -1 ) was reported in peptide extracts from the whole animal only, with a visible cytopathic effect at a total protein concentration of 1000 µg ml -1 (Table 1 ). The antiviral activity was only observed for the winter set, with or without starvation. With the specific peptide extraction protocol used, none of the other tissue extracts nor the haemolymph peptide extracts showed any anti-HSV-1 activity. No difference was observed between starved and unstarved oysters.
Crude haemolymph
Antiviral activity in crude haemolymph (I) and acellular fractions (II and III) from Crassostrea gigas exhibited a similar cytotoxicity and anti-HSV-1 activity after 48 h incubation. No microscopically visible alteration of cell morphology was observed even at 600 µg ml -1 of total proteins. At a 600 µg ml -1 protein concentration, a 92% (±13) protection of Vero cells for an MOI of 0.001 ID 50 cell -1 was noticed (Fig. 2) . Percentages of destruction and protection were 8% (± 7) and 93% (±13) respectively for fraction II, and 9% (± 8) and 87% (±16) for fraction III, respectively. Acyclovir (1 µg ml -1 ) showed a total cell protection (100%) against HSV-1 with a low percentage of cell destruction (5%).
Seasonal variation of anti-HSV-1 activity in filtered haemolymph
Filtered haemolymph (III) cytotoxicity and anti-HSV-1 activity analysed from oysters collected over 1 yr (August 2002 to August 2003 (Fig. 3) (Fig. 3) .
DISCUSSION
A mammalian fibroblastic cell line (Vero cells) susceptible to infection by HSV-1 was selected to investigate the presence of putative antiviral molecules in Pacific oysters. Like most of the studies that have evaluated antiviral activity in aquatic invertebrates, the cell culture model is a heterologous model (Prescott et al. 1966 , Li & Traxler 1972 , Azumi et al. 1990 , Tamamura et al. 1993 , Lee & Maruyama 1998 . No homologous viral model is available for OsHV-1 because of the lack of an oyster cell line, and OsHV-1 replication has failed in insect, fish and mam- Although several molecules extracted from invertebrates have already been characterized with broad anti-microbial activity (Nakamura et al. 1988 , Mitta et al. 2000 , Zasloff 2002 ), antiviral effects have rarely been reported. Limasset et al. (1961) reported antiviral activity in extracts from mussel Mytilus edulis, clam Mercenaria mercenaria, and oyster Crassostrea gigas against the Tobacco Mosaic Virus (TMV). Li & Traxler (1972) reported antiviral activity in clam Mya arenaria aqueous extract against an amphibian virus (LT-1).
Antiviral activity was not found in this study from aqueous and alcohol extracts, despite a lack of cytotoxicity up to 1 g of extract.
The involvement of peptides and polypeptides in the non-specific host defence response of invertebrates has been demonstrated, and a number of them, including anti-microbial peptides, have been characterized (Cociancich et al. 1994 , Roch et al. 1996 , Destoumieux et al. 1997 , Bulet et al. 1999 , Relf et al. 1999 , Mitta et al. 2000 . The haemolymph peptide extraction protocol has already been used in invertebrates (Roch et al. 1996 , Fleury et al. 1998 . Cytotoxicity analysed by flow cytometry in this study indicated that a long contact (72 h) between cells and extracts induced high cytotoxicity, with the exception of the whole animal extract. After a 4 h incubation, results from different extracts showed no cytotoxicity. Cytotoxicity was considered negligible in comparison with the cell control (6% of dead cells). Using cell culture, after a 48 h incubation, all extracts appeared non-cytotoxic (CC 50 > 200 µg ml -1
). The effect of starvation was analysed to investigate the origin of putative antiviral activities. Food ingested by the oyster may be the source of antiviral activity, but no differences were found in this study with starvation. The influence of season in relation to oyster physiology and seasonal mortalities was also analysed. Seasonal impact of variations in different physiological molecules has been demonstrated in oysters (Avery et al. 1997 , Keppler & Ringwood 2001 , Ringwood et al. 2002 . Moreover, OsHV-1 infections appear to be more frequent during summer (Renault et al. 1994a) . Tissue type was also explored in an attempt to isolate an antiviral molecule in a specific tissue or organ. The whole animal peptide extract was the only sample found to possess anti-HSV-1 activity (EC 50 of 50 µg ml -1 ). Antiviral activity was evident in the winter set only, and was found in whole oysters but not in selected tissues or organs. However, selected protocols (Roch et al. 1996 , Fleury et al. 1998 , Matutte et al. 2000 may not be appropriate for oyster samples. Both peptide protocols used ACN and TFA, chemicals that are efficient for extracting some active molecules but may also denature the structure of others. Studies on antiviral activity in crab and shrimp have used simple homogenization in a balanced salt solution (Pan et al. 2000) .
The present study describes the presence of antiviral activity in adult oyster haemolymph in non-purified samples. Indeed, antiviral activity was demonstrated in the 3 different haemolymph fractions (I, II and III) at an MOI of 0.001 ID 50 cell -1
. Moreover, a previous study strongly suggested that broadly-specific antiviral substances are present in crustaceans (Pan et al. 2000) . Filtered haemolymph collected over 1 yr showed stable cytotoxicity but seasonal variation of antiviral activity. This observation confirms the presence of an antiviral substance in adult oyster haemolymph and implies that adult oysters Crassostrea gigas could be more resistant than larvae and juveniles to infection and that this substance may contribute to oyster survival despite contin- 
